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Abstract

To constrain the poroelastic component of postseismic deformation, we model the
subsurface hydrologic response to the Mw 7.6 subduction zone earthquake that occurred on the plate
interface beneath the Nicoya peninsula in Costa Rica on 5 September 2012. The model shows that
poroelastic relaxation occurs on multiple time scales and the associated deformation can be up to 2 cm for
the trench-perpendicular component. By modeling the time-dependent deformation associated with
poroelastic relaxation, we can begin to remove its contribution from the observed geodetic signal.
Inversions for after slip that ignore poroelastic deformation have errors of 10–20% overall and up to 50%
locally. Poroelastic effects can both mute and amplify the inferred afterslip.

Plain Language Summary Large earthquakes can affect regional groundwater pressures.
This sets up large-scale groundwater movements that in turn lead to observable surface deformation.
Accounting for these deformations is important during interpretation of GPS signals after large
earthquakes. These measurements are often used to infer ongoing deformation on the fault. We show that
if these calculations do not account for deformation due to groundwater flow, this can lead to errors of
up to 40%.

1. Introduction
Following a large earthquake, surface deformation is influenced by a myriad of postseismic processes occurring on different spatial and temporal scales. These include continued slip on the fault plane (after-slip),
a poroelastic response due to the movement of over-pressurized fluid, and viscoelastic relaxation of the
lower crust and underlying mantle (Segall, 2010). Often, the only means of observing these phenomena
are through geodetic measurements. Such tools measure the combined result of all these processes, which
makes studying the effects of any single process difficult.To obtain accurate estimates of afterslip, it is necessary to remove the contributions of both poroelastic and viscoelastic relaxation. The particular timescales
of response associated with each post-earthquake process can be challenging to determine from deformation observations alone. Mechanical models are therefore relied upon to predict the effect of one or more of
these processes.
Poroelasticity and pore fluids have been studied for a wide range of subduction zone processes; as a mechanism for post-seismic stress transfer and triggering (Hughes et al., 2010) as well as fluid flow and heat
transport (Cutillo et al., 2006), to constrain slow slip events offshore (Davis et al., 2015; Labonte et al., 2009),
and to explain reductions in seismic velocity (Chaves & Schwartz, 2016), among other phenomena.
Here we are interested in modeling the poroelastic component of postseismic deformation, which has the
potential to be independently constrained by hydrologic measurements. Poroelasticity describes the behavior of fluid-saturated porous medium, capturing the relationship between deformation of the rock matrix
and pore fluid pressure. The availability of additional data constraints, specifically for rock permeability
and times series of well levels, makes poroelasticity a good candidate to remove its deformation effects from
geodetic signals using mechanical models, prior to interpretation of other effects.
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evaluated to time-dependent three-dimensional behavior of poroelastic rebound and its effect on afterslip estimates. To best capture the spatial and temporal extent of the poroelastic response, high-rate well
level data across the study area is needed. Alternatively, we can use models based on well-known physical
parameters to get a first-order approximation of this response.
Geodetic measurements of surface deformation have captured changes in deformation rate in the hours,
weeks, and years following a number of major earthquake (Beavan et al., 2012; Gunawan et al., 2014; Hu
et al., 2014; Johanson et al., 2006; Malservisi et al., 2015). Separating out postseismic processes from one
another is a key component in understanding where and how stress is transferred after large earthquakes
(Hughes et al., 2010; Segall, 2010). After-slip can release large amounts of built up strain aseismically, and
mapping the spatial and temporal patterns of after-slip is a key component in forecasting future seismic
hazards (Dixon et al., 2014; Feng et al., 2012; Jiang et al., 2017; Voss et al., 2017).
Poroelastic deformation is thought to occur on timescales of days to weeks, whereas longer timescales on
the order of months to years are associated with afterslip and viscous relaxation (Barbot & Fialko, 2010;
Helmstetter & Shaw, 2009; Freed et al., 2017; Perfettini & Avouac, 2004). However, postseismic poroelastic deformation can occur on multiple timescales that overlap with those currently linked to afterslip and
viscous relaxation (Hughes et al., 2010; McCormack & Hesse, 2018; Nespoli et al., 2018). Thus, attributing surface deformation to these different processes may be more complicated than previously thought. In
particular, the poroelastic response can result in surface deformation signals on time scales that may be conflated with additional slip on the fault interface. Current geodetic inversions for after-slip generally do not
account for the role of poroelasticity on postseismic deformation.
When poroelasticity has been considered either as a mechanism for coseismic well head changes or as a
postseismic deformation mechanism, it is usually done so with linear elastic models (Fialko, 2004; Hu et al.,
2014; Jonsson et al., 2003; Peltzer et al., 1998; Panuntun et al., 2018). In the case of calculating coseismic
well head response due to static strain, the instantaneous volumetric strain produced by the earthquake is
calculated with an undrained elastic model. These volumetric strains are converted into changes in a well
head via Skempton's coefficient and compared with measured well observations. For studies that look at
the surface deformation produced by poroelasticity, the elastic problem is typically solved with “undrained”
and “drained” elastic parameters to find the instantaneous and fully-drained deformation states. The difference between the two is taken as the total poroelastic deformation. While this gives the net magnitude
and direction of the poroelastic displacement, any complexity in between is missed, and the timescales of
poroelastic deformation remain unknown. Determining these requires a transient poroelastic model and is
the approach chosen here.
1.1. 2012 Nicoya Earthquake
Here we study the potential poroelastic contribution to afterslip of a megathrust earthquake and its effect
on the inferred afterslip on the fault plane. We use the example of the 2012 Nicoya earthquake, because the
favorable location of the GPS monitoring network, directly above the seismogenic zone, has led to detailed
studies reconstructing both the coseismic slip and the afterslip (Hobbs et al., 2017; Malservisi et al., 2015;
Protti et al., 2013; Yue et al., 2013). There is also significant postseismic surface deformation on timescales
typically associated with poroelastic relaxation. Therefore, the 2012 Nicoya earthquake provides a suitable
test case to study the potential effect of poroelastic relaxation on estimates of afterslip. While detailed data for
the response of the well heads to the 2012 Nicoya earthquake is not available, other information, described
below, provides first-order constraints for our model.
Seismicity patterns in Costa Rica reflect interactions of Caribbean, Nazca, and Cocos Plates. Recent large
events along Nicoya and other parts of the trench include the Mw 7.0 1990 Nicoya Gulf, Mw 7.4 1983 Gulfo
Dulce, Ms 7.0 1978 Nicoya Peninsula, and Ms 7.7 1950 Nicoya Peninsula earthquakes (Feng et al., 2012;
Norabuena, 2004; Protti et al., 2013).
During the 2012 Nicoya earthquake, 18 continuous stations were deployed on the Nicoya Peninsula. Time
series of surface deformation recorded at GPS stations show considerable postseismic deformation in the
days and months after the 2012 earthquake. Time-series of GPS station locations in the weeks to years after
the 2012 earthquake indicate three distinct relaxation times of 7, 70, and 420 days (Malservisi et al., 2015).
The shortest timescale is cautiously inferred to be associated with a poroelastic response to the 2012 earthquake. However, detailed modeling of the poroelastic relaxation shows a more complicated and prolonged
MCCORMACK ET AL.
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Figure 1. (a) Modeled surface well head response to the 2012 Nicoya earthquake with blue line showing a cross section
plotted in (d). GPS stations are plotted as yellow triangles. (b) Modeled cumulative horizontal trench-perpendicular
deformation (Δu) for the 40 day period following the earthquake. Black line traces the cross section plotted in (d).
(c) Modeled cumulative vertical deformation for the 40 day period following the earthquake. Magenta line traces the
cross section plotted in (d). (d) Instantaneous well head and cumulative deformation for both trench-perpendicular
and uplift components over cross section of the 3-D model – shown as A to A'. Colors of plotted lines correspond to
colors of lines denoting cross section in upper panels.

poroelastic response (McCormack & Hesse, 2018). Below we investigate its effect on the reconstruction of
the afterslip.

2. Model Setup
To model the instantaneous and time-dependent poroelastic response to the earthquake, we use a fully coupled, linear poroelastic model developed in (McCormack & Hesse, 2018) and summarized here. The model
is initialized with the instantaneous undrained response to the 2012 Nicoya earthquake, where the slip of
the earthquake is inferred from an elastic inversion of the coseismic surface displacements. This instantaneous undrained response determines the pattern of poroelastic deformation. For this model configuration,
the inferred slip—both coseismic and postseismic—is only for the overriding plate, and thus represents only
about 50% of the total slip across the fault plane, assuming standard double-couple behavior.
The linear poroelastic theory developed by Biot provides a system of equations describing the coupling
between pore fluid flow and rock deformation (Wang, 2000). The governing equations, combining the conservation of fluid mass for the evolution of pore fluid pressure, p = p(x, t), and total momentum conservation
of the porous medium for the quasi-static solid displacement, u = u(x, t), in a domain, 𝛺, over the time
interval, [0, T], are given by
)
(
)
𝜅
d (
∇p = 0 in Ω,
S𝜖 p + 𝛼∇ · u − ∇ ·
(1a)
𝜇
dt
−∇ · (𝛔(u) − 𝛼pI) = 0 in Ω,

(1b)

where S𝜖 is the specific storage, 𝜅(x) is the permeability, 𝜇 is the fluid viscosity, and 𝛼 is the Biot-Willis
parameter. In an elastic medium, the stress tensor, 𝜎 , is related to displacement as
)
(
2𝜈
𝛔(u) = G ∇u + ∇uT + G(z)
(∇ · u) ,
1 − 2𝜈

MCCORMACK ET AL.
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Figure 2. Comparison of modeled horizontal poroelastic (green vectors) and measured displacements (black vectors)
for the 5 and 10 day windows following the earthquake. Initial near-surface head changes are shown as red-blue
contours, where red indicates an increase in head (see also Figure 1a). Coastal contour shown in grey.

where G(z) and 𝜈 are the elastic shear modulus and drained Poisson's ratio, respectively. The poroelastic Equation 1 requires six independent parameters. The Biot-Willis parameter 𝛼 and the specific storage
coefficient S𝜖 can be written in terms of the elastic parameters as
𝛼=

3(𝜈u − 𝜈)
,
B(1 + 𝜈u )(1 − 2𝜈)

S𝜖 =

3𝛼 (1 − 2𝜈) (1 − 𝛼B)
,
2GB (1 + 𝜈)

where B is Skempton's pore pressure coefficient and 𝜈 and 𝜈 u are the drained and undrained Poisson's ratios,
respectively. Here we choose B and 𝜈 u as the primary parameters rather than S𝜖 and 𝛼 . This way the drained
and undrained responses are described by 𝜈 , 𝜈 u , and G; the coupling between fluid and solid is determined
by B, and the duration of the poroelastic transient are described by 𝜅 and 𝜇. In our model only G and 𝜅 vary
spatially, and the other parameters are assumed to be uniform. All well heads discussed below and shown
in Figures 1a and Figure 2 are computed from pore pressure changes using the relationship:
Δh =

Δp
.
𝜌g

(2)

McCormack and Hesse (2018) give a detailed description of the parameter selection for the poroelastic
model. The model domain in relation to the study area, initial slip condition, and model geometry are shown
and described in Figure S1 in the Supplementary materials. The elastic parameters are based on previous
seismic studies and vary only with depth, while the hydrological parameters are derived from the analysis of
several hundred well test in the area and vary in all three dimensions of the model. The near-surface permeability values are interpolated from pump-test results (as shown in Figure S1b), and the permeability decay
down the the residual permeability at depth is based on the model of Kuang and Jiao (2014). The resulting
parameter values and references are listed in Table 1.

3. Results
The magnitude of surface deformation caused by earthquake-induced fluid flow can be significant.
This section looks both at general trends in the poroelastic response and compares model results with GPS
time series.
MCCORMACK ET AL.
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Table 1
Table of chosen and interpolated parameter values for the numerical models
Parameter

Description

Model min

Model max

Comparison

Reference

Shear modulus

2 − 6 · 104

2 − 6 · 104

2 − 6 · 104

(Deshon et al., 2006)

𝜈

Drained Poisson's ratio

0.3

0.25

0.27

𝜈u

Undrained Poisson's ratio

0.35

0.4

0.38

B

Skempton's coefficient

0.4

0.8

0.6

𝜅 s [m2 ]

Near-surface permeability

10−(10−13)

10−(10−13)

10−(10−13)

𝜅 r [m2 ]

Permeability at depth

10−18

10−18

10−18

Fluid viscosity

10−9

10−9

10−9

G [MPa]

𝜇 [MPa·s]

(SENARA; Becker & Davis, 2004)

Note. The min model and max model values are end-members of unconstrained values used to produce the minimum
and maximum poroelastic response, respectively. The comparison model parameters are intermediate values that are
used to produce the potential contribution to afterslip estimates in Figure 4.

3.1. Patterns in Initial and Total Poroelastic Response
Before investigating the 3-D results and their comparison with real GPS data, it is useful to look at the
relationships between the earthquake-induced well head change and both the trench-perpendicular and
vertical components of poroelastic deformation. Due to the predominantly dip-slip nature of the Nicoya
event, the trench parallel component of postseismic deformation is small and is not discussed further here.
However, the trench-parallel component may be important for events with more oblique slip.
Figure 1d shows that the vertical poroelastic deformation occurring within the first 40 days is almost a direct
inverse of the initial head change, while the horizontal deformation is related to the gradient of the initial
head change. These relationships can be understood as follows: Regions of well head drop are caused by
coseismic dilation of the poroelastic medium. Fluids are drawn to the dilated regions and cause postseismic
uplift, while compressed regions lose fluid and undergo postseismic subsidence. Regional maximums and
minimums in coseismic head changes will see the largest gains/losses as the pore pressure equilibrates. Conversely, the horizontal poroelastic deformation at a given location is not controlled by mass change directly
below it, but by how much mass (pore fluid) is moved from one side of the GPS station to the other. Thus, it
is the highest gradients of earthquake-induced head changes that produce the largest horizontal displacements (Figure 2). Hence, even regions with small coseismic well head changes may experience significant
horizontal poroelastic deformations as initial head gradients relax. Meanwhile, large vertical deformation
is more directly related to the inverse of the coseismic head change. These relationships are consistent with
those observed in other postseismic poroelastic studies (Albano et al., 2017; Nespoli et al., 2018)
The overall pattern of the horizontal postseismic poroelastic displacement, shown in Figure 1b, is in the
opposite direction of the fluid flow during poroelastic relaxation. This is contrary to the behavior observed
around pumping wells, where horizontal displacements are generally in the direction of fluid flow and hence
towards minima in head (Wang, 2000). Here, the behavior is reversed because the flow into the regions of low
head is not compensated by fluid extraction, which leads to a mass accumulation and associated expansion.
It is important to note that these relationships are only valid for relatively short time scales. Once the local
maxima/minima begin to equilibrate and a larger-scale flow pattern becomes dominant, the relationships
of the deformation to the initial head change are muted and/or lost (McCormack & Hesse, 2018).
3.2. Relationship to GPS Timeseries
The goal of these models is not to try to match the observed surface deformation data, but rather to understand and quantify the amount of surface deformation produced by the poroelastic processes and how such
deformation may interact with, and be misinterpreted as, afterslip.
In the three-dimensional model, the small width to depth ratio of the Nicoya rupture leads to a head change
distribution comprising of multiple trench-parallel ridges of positive and negative head changes, Figure 1a
shows the co-seismic near surface head change produced by the earthquake. There are no GPS stations
located near a maximum or minimum in coseismic head change, so that they do not record the largest
vertical poroelastic relaxation. Due to this and the significant noise in vertical GPS component, we focus our
comparison below on the horizontal trench perpendicular component of postseismic deformation.
MCCORMACK ET AL.
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Figure 3. Transient postseismic poroelastic behavior at selected GPS station locations for a range of model parameters.
Top row shows the modeled well head response at the GPS station location. Green panels show the comparison of
modeled and measured timeseries for the trench-ward component of deformation, both in terms of postseismic
displacement and the percentage of the data that can be explained by the model. For comparison with more noisy
vertical displacements see Figure S1.

The observed postseismic displacement is towards the trench (Figure 2). The modeled poroelastic deformation is in the opposite direction of the instantaneous head gradient (Figure 1b) and hence predominantly
trench perpendicular. However, these displacements may point in more than one direction, so that modeled poroelastic relaxation may both enhance and subdue postseismic deformation. Near the coast, modeled
and measured deformation point in the same direction, but inland, they point in opposite directions.
Modeled poroelastic relaxation produces displacements on the order of 20% of the observed postseismic
displacements in the first 5 days.
Figure 3 shows the transient modeled and observed trench-perpendicular deformation time series at three
different GPS stations. The stations plotted are selected to illustrate the range of responses and are labeled
in Figure 1b. The top row shows the range of the modeled transient well head response. The middle row
compares the observed trench-ward postseismic displacement with the range of modeled poroelastic relaxation. The bottom row shows the percentage of the postseismic displacement explained by the poroelastic
model. Positive percentages mean the data and the model are moving in the same direction, while negative
percentages mean the data and model are moving in opposite directions. Here we use percentage instead
of the correlation coefficient because the model is deterministic and hence does not have a variance. In the
horizontal displacements, we see three types of relationships between the poroelastic model and the measured displacement. The first is when the poroelastic model follows the trend of the data and makes up some
positive percentage of the data. We see this in Figure 3 for station GRZA (left column). The second is when
the poroelastic displacement moves in the opposite direction of the data, such as at station EPZA (middle
column). In the third case, such as at station DUNO (right column), the model follows the data for a short
while, and then they diverge. Hence, the modeled poroelastic deformation does not have a straightforward
relationship with total measured postseismic deformation.
We note that all modeled well heads in Figure 3 show rapid declines within a few days to weeks, followed by
slow recoveries over several weeks to months. These two timescales arise because the near surface coseismic
head change has two horizontal wavelengths (Figure 1a): the short-wavelength large-amplitude perturbation on the Nicoya peninsula that decays quickly and a larger regional perturbation that decays more
slowly. In both cases the flow is largely confined to the high permeability near surface layer (McCormack &
Hesse, 2018).
3.3. Effect on Afterslip Estimates
The poroelastic response creates surface deformation that may be misinterpreted as afterslip. As a result, it
is important to correct not only for the total amount of poroelastic deformation, but also for the poroelastic
MCCORMACK ET AL.
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Figure 4. Afterslip estimates produced by inverting the postseismic surface deformation both with and without poroelastic behavior. Time windows of 5 and 10
days of the earthquake were used. The difference column shows the pattern and magnitude of “phantom” afterslip produced by not accounting for
poroelasticity. The far-right column shows the percent of the afterslip-only solution that can accounted for by poroelasticity. Positive (red) percentages indict
where afterslip is overestimated while negative (blue) regions is where afterslip is underestimated. Labeled dashed lines represent contours of the subduction
interface.

deformation at each point in time after an earthquake. Differencing the modeled time-series of poroelastic deformation and measured total surface deformation will produce time series of surface deformation
that are corrected for poroelasticity. Once the poroelasticity is corrected for in the geodetic time series, it
is possible to re-evaluate the corrected deformation field for afterslip and viscoelastic deformation after an
earthquake. In the time series plotted and discussed in section 3.2, not taking into account the poroelastic
deformation would result in the afterslip being overestimated in some regions and underestimated in others. It is also worth noting that, for the case of the 2012 Nicoya earthquake studied here, there are many
GPS stations (more than half) that are predicted to experience little-to-no post-seismic poroelastic deformation. It is important to predict both where poroelastic deformation will and will not make up any significant
portion of the measured signal.
Figure 4 shows the results of inverting the observed postseismic deformation as afterslip for two cases:
(1) all observed surface deformation is assumed to be elastic and directly resulting from afterslip; (2) The
modeled poroelastic deformation is removed and the remainder is inverted as afterslip. The poroelastic
model parameters used here were chosen to produce a moderate poroelastic response between the minimum
and maximum scenarios shown in Figure 3. For comparison to previously published estimates of afterslip
for the 2012 Nicoya earthquake (Hobbs et al., 2017; Malservisi et al., 2015), refer to Figure S2.
We see in Figure 4 that the afterslip estimates look very similar whether or not poroelastic effects are
accounted. Thus, for this particular event, taking into account poroelasticity does not fundamentally change
the character of the inferred afterslip. However, the difference column of Figure 4 shows the amount of
“phantom” afterslip generated on just the head wall of the subduction interface by ignoring poroelastic
effects. Overall, for the 2012 Nicoya earthquake studied here, the expected general contribution of poroelastic deformation over the first several weeks is on the order of +∕−10 to 20% of the total observed deformation,
MCCORMACK ET AL.
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and up to +∕−50% locally. This contribution could potentially be higher for shallower events and those that
produce relatively smaller amounts of afterslip.

4. Discussion
The poroelastic contribution to the postseismic deformation signal can be significant and may be an
important process to consider when parsing out the postseismic geodetic signal into after-slip, viscoelastic, and poroelastic relaxation. This is the first time the three-dimensional transient poroelastic response
to a megathrust earthquake has been modeled and compared to GPS time series. While the postseismic
poroelastic response is more complex than typically thought, it is the only process that can be constrained
independently. Therefore, well head measurements are an important complimentary dataset for studies of
post-seismic deformation.
A promising example to study the postseismic poroelastic response is the Mw 7.1 Darfield earthquake that
led to significant, widely recorded head responses on both short (days to weeks) and longer (up to a year)
timescales (Cox et al., 2012). Similarly, offshore measurements of fluid flux and head in Circulation Obviation Retrofit Kit (CORK) boreholes and other ocean-bottom observatories provide constraints on subduction
zone systems (Labonte et al., 2009).
Studying earthquake induced poroelastic relaxation also provides new insights into aquifer mechanics,
because the response differs significantly from the more typical well-induced deformations (Wang, 2000).
Poroelastic deformation is either due to pressure gradients in the fluid or to expansion/contraction of the
matrix due to pore pressure changes. In flows driven by injection/extraction at wells, deformation is dominated by the pressure gradient. During postseismic poroelastic relaxation the deformation is dominated by
changes in fluid storage. This leads to a reversal in the direction of lateral deformation, which is up-gradient
during postseismic poroelastic relaxation (Figure 2).
Finally, we note that the limitations of the model, including the assumption of static permeability and the
appropriate surface boundary condition, are discussed in detail in McCormack and Hesse (2018).

5. Conclusion
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Here we use transient three-dimensional poroelastic models to investigate the effect of poroelastic relaxation
on the interpretation of post-seismic deformation of the Mw 7.6 earthquake on the Nicoya peninsula, Costa
Rica. The model shows that poroelastic relaxation occurs over multiple timescales and can either mute or
amplify postseismic geodetic signals. The magnitude of the relaxation can be up to 2 cm in the first 40 days
and can account for most of the observed deformation at some stations in the first week. If the poroelastic
contribution is not subtracted from elastic inversions of afterslip, it may introduce errors of approximately
+∕−10–20% of the total observed deformation and account for up to +∕−50% locally.
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